inflammatory responses. Several cytokines and endotoxins

We examined if rat myometrial cells in culture generate
increase the NO production of these cells by inducing the nitric oxide (NO) and express various isoforms of NO NOS II isoform, and NO produced by NOS II causes hyposynthase (NOS). Myometrial cells isolated from rats on day tension (Moritz et al., 1989; Busse and Mulsch, 1990 ; Fleming 18 of gestation were incubated with various stimulators et al., 1990) . The third isoform is a constitutive, Ca ϩ -and and inhibitors of NOS for 24 and 48 h, and NO production calmodulin-dependent isoform (NOS III), isolated originally was evaluated by measuring nitrites in the media and NOS from endothelial cells, and it plays an important role in the proteins in the cell lysates. NO was produced by myometrial control of vascular tone (Lamas et al., 1992) .
NOS III is now cells and its production inhibited by N G -methyl-L-arginine
shown to be expressed in many other tissues, including neurons, (L-NMMA). This inhibition was reversed by L-arginine platelets and cardiac myocytes (Weiner et al., 1994) . NO (3 mM). Interleukin-1β (IL-1β) significantly stimulated NO relaxes smooth muscle by activating soluble guanylate cyclase production, in a dose-dependent manner. The IL-1β-stimuto produce guanosine 3Ј,5Ј-cyclic monophosphate (cGMP; lated NO production was inhibited by the NOS inhibitor, Marsden and Ballermann, 1990 ). L-NMMA, whose effects were reversed by L-arginine.
The L-arginine-NO-cGMP system is present in the rat Abundant NOS III protein was detectable in freshly isolated uterus, and this system relaxes the uterus during gestation but myometrial cells, and this was maintained in culture in the not during delivery and post partum (Yallampalli et al., 1994a) . presence of fetal bovine serum (FBS; 10%). In the absence NO is generated in the uterus, and the substrate, L-arginine, of FBS, NOS III levels decreased significantly (by 90%) and donors of NO, such as sodium nitroprusside (SNP) and within 24 h. In contrast, NOS I and NOS II proteins were diethylamine/nitric oxide (DEA/NO), produce relaxation in undetectable in freshly isolated muscle cells and in cells both rat and human uteri (Yallampalli et al., 1994a ; Buhimschi cultured without IL-1β. However, NOS II protein in these et al., 1995) . Furthermore, NO production is up-regulated cells was induced by IL-1β. Thus, NO is produced by during pregnancy and down-regulated during labour myometrial cells through the NOS III isoform, and the (Yallampalli et al., 1994b) , indicating that the NO generation myometrial NO may be important in maintaining uterine pathway may contribute to the maintenance of uterine quiesquiescence during pregnancy.
cence during pregnancy, and a variance in this pathway could Key words: nitric oxide synthase/pregnancy/smooth muscle/ lead to the initiation of term or preterm labour. Studies in rat uterus and rabbit uteri indicate that the decrease in uterine NO production at term appears to be pronounced in the decidua (Natuzzi et al., 1993; Sladek et al., 1993) . In addition, recent reports indicate that calcium-dependent activity in a variety of Introduction tissues of guinea pigs was increased significantly during Nitric oxide (NO) is generated by many cell types and is pregnancy (Weiner et al., 1994) . Further studies by Telfer involved in diverse functions including regulation of vascular et al. (1995) indicate that different forms of constitutive NOS tone, neurotransmission and mediation of immune response may be present in human endometrium and myometrium. (Nathan, 1992) . NO is generated from L-arginine by NO Although our earlier studies indicate that isolated myometrial synthase (NOS), and three different isoforms of this enzyme strips are capable of NO generation (Izumi et al., 1993) , it is have been reported (Nathan and Xie, 1994) . The first is a unclear if myometrial cells synthesize NO and express NOS enzymes. Steroid hormones, both oestrogen and progesterone, are known to play critical roles in maintaining normal preg-*The abstract of this work was presented at the 43rd Annual meeting nancy (Dickmann et al., 1976; Goebelsmann, 1979) , and of the Society for Gynecological Investigation, March 20-22, 1996, various cytokines, including interleukin-1β (IL-1β), are known Philadelphia, PA, USA and received the SGI Presidents' Presenters' award for outstanding abstract.
to be expressed in the uterus during pregnancy. The present studies are aimed at determining if isolated myometrial cells produce NO in culture and if steroid hormones and IL-1β modulate myometrial NO production. Our data show, for the first time, that rat myometrial cells produce NO and express the NOS III isoform. The NOS III isoform in these cells is maintained in the presence of fetal bovine serum (FBS). On the other hand, these cells express neither NOS I nor NOS II, and NOS II expression is induced by IL-1β. Thus, we propose that NO produced in the muscle cells through the NOS III isoform may also play a role in maintaining uterine quiescence during pregnancy. Figure 1 . Demonstration of α-actin in smooth muscle cells in The following reagents were purchased from Gibco/BRL Life Technoculture by immunofluorescent staining using monoclonal anti-α-logies (Gaithersburg, MD, USA): Hank's balanced salt solution smooth muscle actin-fluorescein isothiocyanate (FITC). Myometrial (HBSS) with and without Mg 2ϩ or Ca 2ϩ , Dulbecco's modified Eagle's smooth muscle cells were fixed on ice with ice-cold 70% acetone for 15 min, washed with phosphate-buffered saline and stained with medium: F12 nutrient mixture (DMEM:F12), antibiotics and FBS.
Materials and methods
Chemicals
FITC-conjugated antibody. This antibody has been shown to react
specifically with α-actin in smooth muscle cells. ester (L-NAME), Trypsin (type II), DNAse (type IV), 17b-oestradiol, progesterone, cycloheximide, actinomycin-D, dexamethasone and interferon-γ (IFN-γ) were purchased from Sigma Chemical Company plates. We removed the medium 24 h later, and the myometrial cells (St Louis, MO, USA). Human recombinant IL-1β was purchased were washed and incubated in fresh medium containing 0.1% BSA from R&D Systems (Minneapolis, MN, USA). Collagenase (type IV) and 1% antibiotic solution. We found that Ͼ95% of the cells in was purchased from Worthington Biomedical Company (Freehold, culture were identified as smooth muscle cells by the detection of NJ, USA). Monoclonal antibodies to NOS I, NOS II and NOS III were α-actin, a smooth muscle cell marker, using immunohistochemical purchased from Transduction Laboratories (Lexington, KY, USA).
methods (Roholl et al., 1990) (Figure 1 ). As vascular smooth muscle NO production responses to cytokines were reported to be more Animals discernible in the absence of serum and in the presence of 0.1% BSA Pregnant Sprague-Dawley rats on day 14-15 of gestation (Harlan-(Hirokawa et al., 1994) , all treatments were carried out with the Sprague Dawley, Houston, TX, USA) were received in our animal medium containing 0.1% BSA. care facility. Animals were maintained on a regimen of rat chow and
In pilot experiments, we incubated myometrial cells at different water as desired. Animals were killed in a CO 2 inhalation chamber.
densities (50 000-300 000 cells/well) and measured nitrite production. It was found that 200 000 cells/well was optimal, so this density was Cell culture used in all the experiments for nitrite measurements. Cells were incubated with the substrate and inhibitors of NO. Inhibitor of NOS, Antimesometrial uteri from pregnant rats (four to six per experiment) on day 18 of gestation (eight to 15 pups) were removed immediately, L-NMMA, was used at 0.06 and 0.30 mM concentrations. L-Arginine and D-arginine were used at concentrations of 3 mM. Furthermore, cleaned of fat, placenta, fetuses, fetal membranes and blood vessels, and rinsed thoroughly in HBSS containing 1% antibiotics (penicillin in the present study, myometrial smooth muscle cells were incubated with 17β-oestradiol and progesterone (0.01-1.00 mM) either alone and streptomycin) and 20 mM HEPES. Day 18 of gestation was chosen because our previous studies have demonstrated substantial or in combination to determine whether these hormones could alter NO production by myometrial cells. To stimulate NOS in myometrial NO production by the uterus on this day of gestation. We scraped off the endometrial tissue, and the remaining myometrial tissue was cells, 1, 3, 10 and 30 ng/ml IL-1β were used either alone or in combination with IFN-γ (1-100 IU/ml). NO production by the subjected to enzymatic dispersion of cells (Sakai et al., 1992) . Briefly, we washed the myometrial pieces three times with HBSS and myometrial cells in culture was assessed by measuring the amount of nitrite in the media at 24 and 48 h after each given treatment. incubated them in enzyme solution in HBSS containing collagenase (0.1%), DNAse I (0.02%), protease and trypsin (0.01%) for 10 min Both cell number and cell viability (Ͼ95%), as determined by Trypan blue, were similar in wells with media with or without IL-1β. at 37°C with shaking. The supernatant was discarded, replaced with the fresh enzyme solution and incubated for another 10 min. During
In other experiments to determine the amount of NOS proteins in the myometrial cells, the cells were plated in 25 cm 2 flasks and this incubation period, the tissue pieces were gently broken up by drawing the mixture slowly through a large-bore siliconized pipette. incubated in medium with 0.1% BSA with or without IL-1β (10 ng/ml). Cells were harvested at 24 and 48 h after treatment. The This procedure was continued for 30 s every 3 min. The mixture was then centrifuged at 20 g for 5 min and supernatant was removed and cells were washed twice with phosphate-buffered saline and scraped off into the same medium. Cells were amassed by centrifugation at saved. Fresh enzyme solution was added to the remaining pieces, and the above process was repeated three times. After enzyme digestion, 430 g for 10 min, and lysed by boiling for 5 min in a lysis buffer containing 10 mM Tris-HCl, pH 7.4 and 1% sodium dodecyl sulphate the combined supernatant solution containing myometrial cells was filtered through 100 mm nylon mesh and centrifuged at 430 g for (SDS). In addition, aliquots of freshly isolated myometrial cells (within 3 h of animal killing) were also used to determine the NOS 10 min. The cell pellet was washed in 1:1 DMEM:F12 nutrient medium containing 10% FBS, 1% antibiotics and sodium bicarbonate.
proteins present prior to plating of the cells. The boiled cell suspension was vortexed to dissolve cellular components completely into the These cells were resuspended in fresh medium and plated in 24-well lysis buffer. To avoid any conflict with undissolved components, the suspension was centrifuged at 1500 g for 10 min and the supernatants were stored at -70°C for immunoblotting analysis of the proteins.
Nitrite measurements
Nitrite is the stable and primary decomposition product of L-argininederived NO in aqueous biological systems (Ignarro et al., 1993) . Nitrites (and nitrates) are used as the indicators of NOS activity because of the difficulties involved in measuring the unstable free NO radical. As a measure of NO production, in the present studies we measured nitrite as described previously (Green et al., 1982) . Equal volumes of medium and Griess reagent (1:1 naphthylethyeneamine dihydrochloride and sulphanilamide in 5% phosphoric acid) were mixed in 96-well plates. The absorbance of colour developed was measured at 550 nm and the nitrite concentrations were determined using a curve calibrated on the sodium nitrite standard. In some experiments, nitrites ϩ nitrates (total nitrites) were also measured after reducing the nitrates, using acid-treated cadmium. Known nitrate standards were also run parallel to the sample for the reduction of nitrates to nitrites, and this was consistent in several experiments (data not shown). Therefore, we present only nitrites as a measure of NO production by muscle cells. We observed a value of 1:2 nitrites incubation medium were measured by the Griess method and are SDS-polyacrylamide gel electrophoresis and transferred onto a polyexpressed as nmol/well. Data are means Ϯ SEM of 12 replicates vinylidene difluoride membrane. The blots were allowed to air dry from three separate experiments. (**) P Ͻ 0.01 compared with and then placed in blocking buffer (1% BSA in 10 mM Tris buffer untreated cells (control); ( †) P Ͻ 0.05 compared with cells with 100 mM NaCl, 0.1% Tween-20, pH 7.5) for 1 h at room incubated with 0.06 mM L-NMMA only. temperature. The blots were then incubated with specific primary antibodies for 1 h at room temperature. All the primary antibodies were performed using an analysis of variance followed by the were monoclonal, obtained from Transduction Laboratories, and were Bonferroni method or Student's t-test. Differences between means used at different final dilutions (NOS I 1:1000; NOS II 1:1000; NOS were considered to be significant at P Ͻ 0.05. III 1:500) in the blocking buffer. These antibodies were raised using the following NOS proteins as immunogens: NOS I, a 22.3 kDa protein fragment corresponding to amino acids 1095-1289 of human
Results
NOS I; NOS II, a 21 kDa protein fragment corresponding to residues
Evidence that rat uterine smooth muscle cells produce NO by L-NAME (data not shown).
Effect of IL-1β on nitrite production by myometrial cells
IL-1β (1-30 ng/ml) stimulated NO production in a dosedependent manner, with maximum responses observed between 3 and 10 ng/ml (Figure 3 ). Nitrite production was increased (P Ͻ 0.001) by~300% with 10 ng IL-1β. No further stimulation was observed at the highest dose (30 ng/ml) tested. Additionally, there was no further stimulation of IL-1β-induced nitrite production with IFN-γ (100 IU/ml) in uterine smooth muscle cells (data not shown). The stimulatory effect of IL-1β (10 ng/ml) was inhibited (P Ͻ 0.001) by L-NMMA in a dosedependent manner, and these inhibitory effects were partially reversed (P Ͻ 0.01) by L-arginine (Figure 4) . The stimulatory effects of IL-1β on nitrite production by the myometrial cells were significantly (P Ͻ 0.001) attenuated by cycloheximide (1.0 mM), actinomycin D (0.1 mM) and dexamethasone (1.0 mM) ( Figure 5 ). This indicated that the IL-1β-induced increase in nitrite production was through the genomic up- 
Effect of 17β-oestradiol and progesterone on myometrial
interleukin-1β (IL-1β; 10 ng/ml). Cells were incubated for 48 h.
nitrite production
Data are means Ϯ SEM of 12 replicates from three separate experiments. (*) P Ͻ 0.01 compared with the IL-1β-treated group.
To examine the regulation of NO production in myometrial cells by steroid hormones, cells were incubated with varying both NOS I and NOS II proteins were undetectable in these doses of 17β-oestradiol (0.01-1.00 µM) and progesterone freshly isolated muscle cells (Figures 7-9 and Table I ). When (0.01-1.00 µM), as indicated in Figure 6 . Both 17β-oestradiol these cells were incubated for 24 and 48 h (data not shown) and progesterone either alone or in combination had no in the presence of FBS (10%), the NOS III protein content was significant effect on nitrite production by the uterine smooth maintained by these cells in culture (Figure 9 ). Interestingly, in muscle cells in culture.
the absence of FBS, the NOS III protein was significantly Western blot analysis (P Ͻ 0.05) decreased both at 24 and 48 h (Table I and Figure 9 ). IL-1β was not stimulatory to NOS III protein in An abundant quantity of NOS III protein was detectable in freshly isolated myometrial smooth muscle cells. However, myometrial cells in culture. On the other hand, NOS II protein Figure 8 . Western blot analysis of nitric oxide synthase (NOS) II using a monoclonal antibody against mouse macrophage NOS. A Figure 6 . Effect of 17β-oestradiol and progesterone on nitrite representative blot from a total of three experiments is presented. production by myometrial cells in culture. Cells were incubated Myometrial cell lysates were separated by sodium dodecyl with or without (control) varying doses of oestradiol (0.01-sulphate-polyacrylamide gel electrophoresis, transferred to 1.00 µM) and progesterone (0.01-1.00 µM) or in combination nitrocellulose membrane and blotted with anti-NOS II antibody. A (E ϩ P) for 48 h. Data are means Ϯ SEM of 12 replicates from single band was seen at 130 kDa (appropriate molecular weight for three separate experiments.
NOS II protein). Lanes 2-7 were loaded with equal amounts of protein obtained from cells incubated in medium with different treatments as indicated. Lane 1, positive control for NOS II, cytosolic fraction from macrophage cell line RAW 264.7 stimulated with interleukin-1β and interferon γ. Lanes 2-7: same treatments as for lanes 2-7 in the legend to Figure 7 . was undetectable when these cells were incubated for 24 and 48 h in either the presence or absence of FBS (Figure 8 ). However, in the presence of IL-1β (10 ng/ml), the amount of completely inhibited by the presence of cycloheximide, actinomycin D and dexamethasone (data not shown), indicating the NOS II protein was increased after 24 h, and this was further increased after 48 h, indicating that the NOS II protein was genomic regulation of NOS II by IL-1β in myometrial cells. NOS I was undetectable both in freshly isolated cells and in induced by this cytokine. The addition of IFN-γ to these agents induced no further increases in NOS II protein (data not the cells maintained in culture either with or without IL-1β ( Figure 7 ). shown). The IL-1β-induced increase in NOS II protein was in the uterus possess NOS activity (Weiner et al., 1994) . In Table I . Expression of nitric oxide synthase (NOS) protein by myometrial addition, studies in both rats and rabbits reported that pregcells in culture nancy-associated changes in NOS activity occur primarily in Densitometric units (% change) the decidual layer of the uterus (Natuzzi et al., 1993; Sladek et al., 1993 II was increased with stimulation by IL-1β. In addition, ILa Significantly lower than freshly isolated cells (P Ͻ 0.05).
1β was ineffective at either maintaining or simulating NOS III protein in these muscle cells. These observations suggest Discussion that NOS I, NOS II and NOS III proteins are differentially regulated in rat myometrial cells in culture. Our studies infer We have demonstrated for the first time that rat uterine myometrial cells in culture generate NO. The production of that some constituent(s) of the serum may provide a stimulus for maintaining NOS III protein and thus myometrial NO NO is substantially reduced by the inhibitor of NOS, L-NMMA, and this inhibition is reversed by L-arginine. NO production. Other studies also provide evidence that during pregnancy, calcium-dependent but not calcium-independent production by muscle cells is increased by IL-1β. The stimulation of NO by IL-1β is also inhibited by the competitive NOS activity was elevated in several tissues of guinea pig (Weiner et al., 1994) . However, further studies are needed to inhibitor of NOS, L-NMMA, and again, this inhibition is reversed by L-arginine. Furthermore, NOS III protein, detected determine if myometrial cells obtained from animals at other gestational stages exhibit a similar regulatory pattern. Because by Western blots, was expressed by the muscle cells. The NOS III proteins were present in isolated myometrial cells and in NOS III is not constitutively expressed in other smooth muscle cells (i.e. vascular), our finding that this enzyme is expressed the cells incubated in the presence of FBS (10%). However, these levels diminished with the withdrawal of FBS. On the in uterine smooth muscle cells is significant. This is particularly important because smooth muscle cells relax in response to NO. other hand, muscle cells both freshly isolated or in culture did not express any detectable NOS I or NOS II proteins. The It is well known that female sex steroid hormones, oestrogen and progesterone are essential during pregnancy. In the present expression of NOS II protein was shown with IL-1β stimulation. These studies provide evidence that myometrial cells study, we examined if these hormones could modulate NO production by the myometrial cells in vitro. Although there generate NO through NOS III, and that these smooth muscle cells express NOS III enzyme constitutively. These data appears to be some dose-dependent stimulation of NO production by myometrial cells with oestrogen, this was not significindicate that the expression of NOS III and NO production by uterine smooth muscle cells (the target cell for NO effects) ant. Our recent studies (Yallampalli et al., 1995) indicated that oestrogen may up-regulate uterine NOS III in ovariectomized may also play a role in maintaining uterine quiescence during pregnancy.
adult rats. A lack of any significant effects of oestradiol in myometrial NO production in vitro may indicate that in-vivo The generation of NO and its inhibition by L-NMMA in rat myometrial cells are similar to that reported for many other oestradiol effects may be mediated through paracrine/autocrine factors. Further studies are required to understand the mechancell types, including vascular smooth muscle cells (Hirokawa et al., 1994) . The inhibition of NO and its reversal in the ism by which oestrogens can modulate NOS isoforms in vivo but not in vitro. presence of L-arginine (3 mM) but not with D-arginine (3 mM) (Figure 1 ) further support the hypothesis that rat myometrial Because NO is generated by myometrial cells, we examined if cytokines could modulate the NO production of these cells. cells generate NO via accepted mechanisms, similar to those reported for the other cell types including vascular smooth IL-1β ( Figure 3 ) and lipopolysaccharides (LPS; unpublished observations) stimulated nitrite production by muscle cells, muscle cells (Hirokawa et al., 1994) .
NO is known to be generated by different cell types in a and the IL-1β stimulatory effects were mediated by inducing NOS II. The effects of IL-1β on rat myometrial cells appear variety of tissues. We and others have demonstrated that NO is produced by uterine cells (Natuzzi et al., 1993; Sladek et al., to be through the induction of NOS III protein synthesis, because NOS II protein in myometrial cells (Figure 8 ) is time-1993; Yallampalli et al., 1994a) . The NADPH-diaphorase method indicated that endometrial as well as myometrial cells dependent and inhibited by inhibitors of both transcription and
